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Introduction
Since the 1980s, the convergence phenomenon has been widely discussed in the growth literature and many concepts related to convergence in per capita income or productivity (output per worker) were developed to explain economic growth, especially regional growth. Most empirical studies have shown that convergence is conditional rather than absolute. The former is the argument of the endogenous growth theory with increasing returns to scale properties (mostly in human capital and technology), the latter is the argument of the neoclassical approach to growth with constant returns to scale properties (or diminishing returns to capital) and exogenous technical progress.
Therefore, the fundamental problem in growth theory consists in finding the conditioning factors that better explain the convergence process among different economies (states or regions). Among a variety of studies, the endogenous growth approach advocates that human capital is the engine of growth and that convergence is higher when this factor is introduced into the convergence equation. Convergence has been found to run at 2% annual rate, and this is a stylized fact either in samples with countries or in samples with different regions.
The aim of this study is to test the importance of human capital in the convergence process across the Brazilian states over the period 1980-2000, by using a panel data approach. Different measures of human capital are used in the estimation process, such as, basic schooling expressed by the illiteracy rate, secondary school enrolment rate, and total years of school attainment, as well as, a variable which measures the efficiency of scientific work, expressed by the publication rates of articles in international journals. The purpose of the study is to measure the different impacts of the different levels of human capital on the growth of per capita income among the Brazilian states, how do they affect the convergence rate and if different education levels affect differently the samples of regions with dissimilar levels of development. To our knowledge this gradual testing of different levels of human capital on growth and convergence has not been considered systematically, especially for the Brazilian economy.
To study the convergence process across the Brazilian states giving special attention to human capital, we structure the paper as follows: Section 2 explains the various concepts of convergence that are normally used in the growth literature. Section 3 describes the convergence model derived from the Solow´s growth theory. Section 4 discusses the importance of human capital on economic growth. Section 5 explains the data and the samples considered in the empirical analysis. Section 6 explains the disparities among the Brazilian states in terms of wealth and education standards and gives evidence on σ-convergence. Section 7 tests the hypothesis of absolute convergence.
Section 8 tests the hypothesis of conditional convergence assuming that growth is conditioned to different levels of human capital. The final section concludes the main findings,
Concepts of convergence
Many concepts of convergence have been used to explain whether different economies tend to equalise their levels of economic development. Following Galor (1996) , the controversy across different concepts has been largely empirical, focusing on the validity of the following hypotheses:
(i)The absolute convergence hypothesis: per capita income of countries converge to one another in the long run independently of their initial conditions. In other words, all economies converge to the same steady-state. This hypothesis is derived from the Solow`s growth model and can be tested empirically by the following regression ) the convergence coefficient, β=-ln(1-b)/T the convergence rate, t 0 the initial period and T the time length that the per capita income growth rate is measured. If b occurs with a negative sign (b<0) in the estimation process then it can be said that the data produces absolute convergence.
(ii) The conditional convergence hypothesis: per capita incomes of countries that are identical in their structural characteristics (preferences, technologies, human capital, government policies, etc) converge to one another in the long run independently of their initial conditions. On the contrary to the absolute convergence, this hypothesis states that economies have different structures and therefore they converge to different steadystates. Or alternatively, economies will converge to the same steady-state only if they are similar to their structural characteristics. As Barro (1991) and Sala-i-Martin (1996) suggested, the hypothesis of conditional convergence can be tested by estimating the following equation where X is a vector of factors that allow to control differences across economies. If b<0 and ψ ≠ 0 we can say that the data exhibits conditional convergence. On the other hand, b<0 and ψ = 0 imply that convergence is absolute.
(iii)The convergence-club hypothesis: per capita income of countries that are identical in their structural characteristics converge to one another in the long-run provided that their initial conditions (starting levels of per capita income) are similar as well. This hypothesis is consistent with the phenomena of polarization, clustering or persistent poverty situation.
(iv) Beyond all these hypotheses, listed by Galor, the σ-convergence concept is also used to measure the dispersion of per capita income over time, among different economies. A group of economies is converging in this sense if the dispersion of their per capita income tends to decrease over time. The coefficient of variation is normally used to test the hypothesis of σ-convergence, given by the ratio of the standard deviation to the sample mean. This concept was first introduced by Barro (1991) , to distinguish it from β-convergence associated to conditional convergence. As Barro argues, σ-convergence is a necessary but not a sufficient condition for β-convergence to occur. Both concepts are useful, giving different information about the convergence phenomenon.
All these alternative concepts will be used to test the hypothesis of convergence between the Brazilian states.
Description of the convergence model 1
The concept of β convergence is derived from the Solow (1956) neoclassical growth model based on the Cobb-Douglas production function with labour-augmenting technical progress given by:
where is output, Y K and L are the factor inputs, capital and labour, respectively, A measures the cumulative effect of technical progress through time, α is the capital elasticity with respect to output and t is time.
The model assumes that L and A grow exogenously at constant rates and ,
given by and
, respectively. On the other hand, saving is a constant fraction of output , (
) and K depreciates at a constant exogenous rate δ , therefore,
Under the standard neoclassical assumption of constant returns to scale, the production function, in terms of efficient units of labour, is given by
The dynamic specification of the model with technical progress takes the following form:
Since in the steady-state the rate of growth of capital stock is zero (
satisfies the following condition:
1 The description of the convergence model follows closely Islam (1995) .
Substituting the expression found for * k into the production function (4) we derive, analogously, the steady-state value of output
From the definition of output in terms of efficient units of labour, AL Y y = , and the expression found for the level of output in the steady-state, equation (7), it is possible to derive an expression for the steady-state per capita income:
In this equation is a constant, since the exogenous rate of technical progress is assumed to be equal in all economies and t is fixed in cross-section regressions. On the other hand, may differ across economies, since it reflects not only the level of technology but also resource endowments, institutions, economic conditions, among others (Mankiw et al., 1992) . Accordingly, the term
parts: the first is a constant (γ ) and the other is stochastic (ε ), representing a country (or region) specific shock:
Substituting into equation (8) and inserting into the constant term
we obtain the following expression:
A cross-section estimation of equation (10) 
In this equation the growth of income per effective worker is explained solely by its initial value (the unique factor of convergence), assuming ( δ
) to be the same for all economies and saving and population growth rates are taken to be equal to the respective averages over the considered period. This is known as the neoclassical hypothesis of absolute or unconditional convergence.
The neoclassical convergence equation (14) 
and getting logs we obtain:
where is per capita income. Substituting for (15) we obtain the usual convergence equation in per capita income terms: 
is the time-invariant individual country-effect term and is the error term that varies across countries (regions) and over time.
A simplified conventional presentation of equation (16) with panel data is the following:
where the rate of growth of per capita income of each economy is related to its initial level, the only factor of convergence. The higher the distance of the initial level of per capita income from its steady-state value, the higher will be the convergence rate 
. Finally, T is the time length that the per capita income growth rate is measured.
If equation (17) is extended to include other structural factors (human capital, investment, I&D, trade, etc,) to control the steady-steady value, then we have the case of conditional convergence given by:
Two main differences distinguish the conditional from the absolute convergence. The first is that economies converge to different steady-states, represented by i γ . The second is that there are some activities, that in the long run, exhibit increasing returns to scale characteristics, such as, human capital, technology, innovation, among others ( Sala-i-Martin, 1992, 1995) . These activities with increasing returns characteristics counterbalance the diminishing returns to scale property of capital stock in the production function. The increasing returns to scale activities are included in the vector . The hypothesis of absolute convergence is accepted when 
The role of human capital
Economists have been stressing the importance of human capital in the process of economic growth. In this paper we argue that human capital is a suitable factor to differentiate economies and to test the hypothesis of conditional convergence. Mankiw et al (1992) were the pioneers in introducing human capital into the economic growth models. Barro (2001) , also suggests that a higher ratio of human capital to physical capital tends to generate higher growth through at least two channels. First, more human capital facilitates the absorption of higher technologies developed by leading countries. Second, human capital tends to be more difficult to adjust than physical capital, so a country that starts with a high ratio of human to physical capital tends to grow rapidly by adjusting upwards the quantity of physical capital. Sachs and Warner (1997) In the endogenous growth theory, human capital (and its result) is frequently the starting point to increasing returns to scale characteristics. Romer (1986 Romer ( ,1990 formalized the relationship between economic growth and the stock of knowledge and technical progress. In others words, Romer has formalized the relationship between economic growth and the outcome of human capital. According to this author, new ideas have special characteristics, they are non-rival commodities generating, therefore, positive externalities and increasing returns to scale properties 2 . Many other authors used human capital (or its outcome) to formulate endogenous growth models and allow for increasing returns to scale. Lucas (1988) and Barro and Sala-i-Martin (1997) are some examples among them.
There is some kind of warning concerning the type of human capital to use in the growth equations. Mankiw et al (1992) , Islam (1995) , Sachs and Warner (1997), Temple (1999) and Barro (2001) , among others, have pointed out some problems with the human capital measures. Barro suggests that the quality of schooling is much more important than the quantity, so measures of the efficiency of human capital must be considered to explain growth.
This study uses traditional measures of human capital, such as, illiteracy rate, secondary school enrolment and total years of schooling. Additionally, we propose a new measure of human capital reflecting the production capacity of scientific work, given by the number of scientific articles (per million of inhabitants) published in international journals, ART 3 .
This new proxy emerges as alternative to measure the quality of human capital.
For example, two economies that hold the same level of education can be different in their levels of scientific work given by ART. The economy with higher ART disposes a better quality of education or makes a better use of the acquired skills. Therefore, ART expresses higher levels of human capital that can not be captured by the usual schooling A panel data approach is used to estimate the convergence equations (1) and (2) presented in section 2. The data are organized in five years intervals to avoid business cycle influences. The usual methods of estimations with panel data are employed based on Pooled regressions estimated by OLS, assuming fixed effects expressed in the individual dummy variables estimated by LSDV and assuming random effects estimated by GLS. Alternatively the GMM method suggested by Arellano-Bond (1991) is also used to take into account the endogeneity bias of the regressors and to proceed with dynamic panel estimation.
Disparities across the Brazilian States
Economic activity in Brazil is concentrated mainly in the Southeast area as Table   1 shows. In 2000, the Southeast area accounted for about 57% of the Brazilian GDP and its per capita income was almost three times higher than that of the Northeast. The data from Table 2 shows, for example, that in 2000 the GDP of the state of "Maranhão" was only 11% of that of the "Distrito Federal" and that only five states have achieved half of the GDP of the "Distrito Federal". Human capital, expressed by IR and Human, also displays huge disparities across states. In 2003, the rate of illiteracy was 28.40% in the state of "Piauí" while in "São Paulo" was only 5%. In the state of "Ceará" people spend about 4.62 years of their lives studying at school, versus 7.36 years in the state of "Rio de Janeiro".
After highlighting the differences among the Brazilian states, we shall try to identify any tendency towards converge. From column 4, of Table 2 In a more formal way, the coefficient of variation can be used to measure σ-convergence, indicating if asymmetries across economies are declining over time. As it can be seen the dispersion of per capita income has been reduced over the whole period, the reduction being more intensive in the beginning of the period. We can also observe a period of divergence between 1986 and 1992 which coincides with the period of hyper-inflation and general macroeconomic instability in Brazil. Ferreira (2000) has also found σ-convergence among the Brazilian states over the period 1975-1995.
Absolute convergence
As we explained in section 4, the hypothesis of absolute convergence can be tested by estimating equation (17) Table 3 .
As we can see, the pooled regressions give evidence of absolute convergence which runs at very slow rates, 0.26% for Brazil, 0,56% for the South/Southeast and 0.72% for the Northeast areas. This result is consistent with the hypothesis that absolute convergence occurs between economies with similar characteristics in terms of institutions, policies, same language, free factor mobility, among others. We also note that convergence is more robust when specific effects are introduced to control differences in economic structures between the states. When state dummies are used convergence is higher in all samples, 3.78% for Brazil, 1.39% for the South/Southeast and 4.32% for the Northeast areas. The degree of explanation has increased significantly except for the South/Southeast area. When specific effects are assumed to be random Notes: (a) All "dummies" are positive and significant at 1% level (b) Six "dummies" are positive and significant at 10% level (c) All "dummies" are positive and significant at 1% level (d) Tests the hypothesis between pooled versus fixed effects (e) Testes the hypothesis between random versus fixed effects Numbers in brackets are t-ratio *Coefficient significant at 1% level **Coefficient significant at 5% level ***Coefficient significant at 10% level n -Coefficient not significant (GLS regressions) the results are also satisfactory and closer to the LSDV estimations.
The Hausman test suggests that the model with fixed effects is preferable to the model with random effects but not in the sample of the South/Southeast area. In all methods of estimation the statistical significance of the convergence factor and the degree of explanation of the regressors in the South/Southeast area, are weak. These results are in line with Ferreira (2000) and Barossi and Azonni (2003) who also found absolute convergence for the Brazilian states.
The weak absolute convergence found in this section induces us to search for conditional convergence, as the fixed effects estimations suggest. Human capital is assumed to be the conditional factor to control properly structural differences between the states of Brazil.
Convergence conditional to human capital
The previous section argues that the convergence process among the Brazilian states can be better described when different equilibrium points are assumed for each state. In other words, each state converges to his own steady-state and this is the essence of conditional convergence. To control the different equilibrium points we use different proxies for human capital, such as, the illiteracy rate (IR), the enrolment rate at the secondary school (SEC) and average years of school attainment (SCHOOL) to express the basic and intermediate levels of human capital qualifications. Additionally, the rate of scientific publications (nº of articles per million of inhabitants, ART or nº of articles per thousand of graduates, ARG 10 ) is used to express differences in scientific production reflecting higher levels of human capital, All these proxies are introduced separately into the convergence equation, to avoid colinearity problems and to measure the individual impact of each level of human capital on growth. The results of the panel estimations of the conditional convergence equations using fixed effects are shown in Table 4 11 .
As it can be seen, when the illiteracy rate is introduced into the convergence equation its impact is negative as expected, revealing that the higher the rate of illiteracy the lower is the growth of per capita income. Convergence among the Brazilian states 10 The number of graduate students (in the last semester of attainment of the graduate course) is provided by INEP (www.inep.gov.br). 11 Ferreira (2000) and Azzoni et al (2000) have introduced other variables in the convergence regression and found conditional convergence to human capital for the Brazilian states. However, their results are not directly comparable to ours since we have included different levels of human capital separately and the methodology used is also different. IR is the illiteracy rate of the population with age over 15 SEC is the percentage of young people with age between 15 and 17 that attended the secondary school or they had completed 8 years of schooling SCHOOL is the average number of school attainment of the population with age over 25 ART is the number of published papers in international journals per million of inhabitants ARG is the number of published papers in international journals per thousand of graduates (a) Tests the hypothesis between pooled versus fixed effects (b) Testes the hypothesis between random versus fixed effects Numbers in brackets are t-ratio *Coefficient significant at 1% level ** Coefficient significant at 5% level *** Coefficient significant at 10% level n -Coefficient not significant, now runs at a higher annual rate, around 5% in all samples. The estimated equations are more robust (comparing to the absolute convergence) in terms of the statistical significance of the coefficients and the degree of explanation of the regressors. Therefore, human capital in its lowest level controls satisfactorily the differences between the Brazilian states. The convergence process is similar in all samples, not being able to distinguish any differences between the most developed (South/Southeast) and the less developed (Northeast) states.
The results are also satisfactory when the enrolment rate at the secondary school is used to express basic levels of human capital. All coefficients have the predicted signs and are highly significant, indicating that human capital stock at the secondary level is relevant in explaining the convergence process among the Brazilian states. This variable contributes positively to the increase in wealth in this country and this is shown in all samples. Convergence runs at a similar annual rate of around 5.3% in the South/Southeast and Northeast areas and it is somehow higher than the convergence found by using the illiteracy rate. Once again, the convergence process is not differentiated between these two subsets. Higher levels of human capital expressed by ART or ARG control better the differences between the more developed states than the less developed states of Brazil. Higher levels of human capital do not make a significant contribution to growth in the Northeast area.
This shows that the Northeast area has to improve primarily the basic and intermediate levels of human capital before going to develop higher levels of education.
Main conclusions
In this paper we have analysed the convergence process across the Brazilian states over the period 1980-2000. Our analysis has been focused on the issue of conditional convergence considering various levels of human capital to control differences in structures between the states of Brazil.
Initially we observed that the dispersion of per capita income among the Brazilian states has been declining over time and this is evidence of σ-convergence. Absolute convergence also found, but the estimations are not robust. On the other hand conditional convergence on human capital boosts the results, reinforcing the convergence rate and increasing the degree of explanation. In general, it can be assumed that convergence in per capita income among the Brazilian states runs at approximately 5% per year when differences in human capital are controlled for. This is higher than the standard 2% rate stylized by Barro, A farther finding in this study is that the intermediate levels of human capital explain better the convergence process among the Brazilian states. When this type of human capital is used convergence is higher and the marginal impact on growth significantly stronger, improving the standards of living of the populations to a greater extent. This is consistent with the idea that growth tends to be higher in countries (or states) with an intermediate level of human capital.
The conditional convergence estimation approach on the other hand shows that different levels of human capital have different responses to growth depending on the sample used. Variables that represent higher levels of human capital affect more efficiently the more developed than the less developed states in Brazil.
Generally our results suggest that the proposed human capital variables properly control the differences in the steady-states across the Brazilian states and their influence to growth is depending on the level of human capital they intent to represent. Therefore, to optimally exploit resources, human capital improvements have to be progressive.
Dynamic panel estimation (GMM:Arellano-Bond)
One criticism that is often made to the estimation of the convergence equations is that, the conventional estimation methods used fail to account for the endogeneity of the regressors. When explanatory variables are endogenous the regression estimates are biased and inconsistent, To account for endogeneity we estimate the convergence equation by using the GMM estimation approach proposed by Arellano-Bond (1991) and first employed by Caselli et al (1996) . The growth equation is first differenced to eliminate the specific effects and then all lags of the explanatory variables are used as instruments. The dynamic estimated equation is, therefore 
Notes:
Numbers in brackets are t-ratio (a) tests the validity of the instruments used in the estimation *Coefficient significant at 1% level ** Coefficient significant at 5% level *** Coefficient significant at 10% level n -Coefficient not significant, The basic code for GMM estimation based on Arellano-Bond (1991) using RATS (6.0) is provided in "The RatsLetter" (2002) . We appreciate the suggestions given by Tom Doan from the Estima office responsible for the Rats package.
